Introduction {#sec1}
============

Sustainability is a progressively essential theme in the design and fabrication of materials where the environmental impact of producing materials is considered to be of key significance.^[@ref1]^ Thin film deposition plays an important role in a variety of technologies, e.g. flat-screen panels, photocatalysts, solar cells, batteries, and computing devices.^[@ref2]^ The ability to create and design thin film functional materials for such purposes necessitates the aim to produce materials with new, advanced, and multifunctional properties. In particular, materials that can simultaneously exhibit the behavior of both good transparent conducting oxides (TCOs) and good photocatalysts are rarely seen. A variety of factors affect these different functional properties, e.g. doping content, crystal defects, grain boundaries, crystallinity, surface microstructure, and film thickness.^[@ref3]^ TiO~2~ has been the most studied material to date that exhibits the dual functionality of electrical conductivity and photocatalytic activity. In its undoped form, thin films of TiO~2~ are transparent to visible light and exhibit photoactivity under UV irradiation but no electrical conductivity. When doped with e.g. Nb^5+^, Ta^5+^, or W^5+^ on Ti^4+^ sites or F^--^ on O^2--^ sites,^[@ref3]−[@ref6]^ TiO~2~ exhibits low electrical resistivity while maintaining photocatalytic activity. However, due to the high carrier concentration that is necessary to achieve low resistivity (× 10^--3^ Ω·cm) as required for electrode applications, the highly doped TiO~2~ films often display a blue coloration (arising from Ti^3+^ states) and hence poor visible light transmittance.^[@ref7]^

Doped ZnO does not suffer from such issues. It is a wide band gap (∼3.37 eV) semiconductor that displays excellent optoelectronic properties that are improved by doping with a variety of ions such as Al, Ga, and In on Zn sites and F on O sites without the loss of transparency due to coloration.^[@ref8],[@ref9]^ Anion doping in particular has advantages over cation doping, due to the anion effecting little perturbation of the conduction band (CB) compared with cation doping, which plays an important role in minimizing the electron scattering in the CB and therefore maximizing electron transport and conductivity. Meanwhile, creation of a carrier donor level close to the CB minimum (CBM) enables retention of the material's wide band gap and therefore transparency.^[@ref10]^ Doping ZnO with F has gained much attention, likely due to the success of the more widely known F-doped SnO~2~. However, doping ZnO with other anions such as Cl has not been widely investigated in spite of some promising properties recently reported.^[@ref11]−[@ref16]^ ZnO also displays photocatalytic properties, and various metals (e.g., Ag, Al, Sn) and nonmetals (e.g., C, N, S) have been investigated to improve its photocatalytic performance for pollutant degradation such as organic dyes.^[@ref17]^

Thin films of ZnO can be grown using a variety of techniques as sputtering,^[@ref18]^ pulsed laser deposition,^[@ref19]^ spin coating,^[@ref20]^ atomic layer deposition (ALD),^[@ref21]^ and chemical vapor deposition (CVD).^[@ref22]−[@ref25]^ Aerosol assisted chemical vapor deposition (AACVD) in particular holds some distinct advantages when compared with the aforementioned alternatives.^[@ref26]^ It is a simple thin film deposition process requiring minimal apparatus, whose primary requisite for precursor selection is solubility in one of a range of common organic solvents such as toluene or methanol, thus vastly expanding the scope of starting materials from the volatile precursors required for conventional or atmospheric pressure CVD.^[@ref22]−[@ref27]^ Without the need for toxic or volatile precursors, it is considered as a highly sustainable and scalable route to thin film deposition.^[@ref1]^ Interestingly, the morphology and particle size of films deposited via AACVD are tunable with the choice of solvent, deposition temperature, and the frequency of the ultrasonic humidifier; therefore, there is a significant degree of control over film properties.^[@ref26],[@ref27]^ Moreover, the mass transport rate of precursors by the aerosol route is high^[@ref28]^ compared to classical reduced-pressure CVD routes providing a high deposition rate,^[@ref29]^ drawing a comparison with the better established thermal atmospheric-pressure CVD without the need for precursors with high vapor pressure.^[@ref30]^ Thus, with its high growth rates and the need for vacuum deposition and limited volatile precursor selection eliminated, the AACVD technique has potential for widespread industrial scale.^[@ref31],[@ref32]^

Recently, ZnO:Cl thin films synthesized by the AACVD method using FeCl~3~ as a Cl source were reported.^[@ref33]^ The exploration of its dual functionality as both a photocatalyst and a TCO is of great interest. In the previous work, Cl-doping resulted as a side reaction from decomposition of FeCl~3~;^[@ref33]^ however, here we have used NH~4~Cl to provide a cheaper and cleaner deposition route to highly efficient ZnO:Cl without the need to dispose of Fe-based precipitates, providing an efficient Cl source while enabling strong tunability between the multifunctional transparent conducting and photocatalytic behaviors of ZnO:Cl. Films deposited from NH~4~Cl have enhanced TCO properties compared to those deposited using FeCl~3~ and are photocatalytically active with the optimum amount of Cl doping.

Experimental Section {#sec2}
====================

Film Synthesis {#sec2.1}
--------------

All ZnO:Cl films were obtained using aerosol assisted chemical vapor deposition (AACVD). High purity chemicals Zn(II) acetate dihydrate, Zn(CH~3~COO)~2~·2H~2~O (≥98%, Sigma-Aldrich), and ammonium chloride, NH~4~Cl, were used as precursors. Methanol (99.9%, Fisher Scientific) was used as a solvent. Nitrogen (99.99%, BOC) was used as a carrier gas. The precursor solution was prepared by dissolving Zn(OAc)~2~·2H~2~O (0.50 g, 2.28 mmol) in methanol (20 mL). NH~4~Cl was dissolved in methanol and then added to the solution in 0, 1, 3, 5, 7, 10, and 20 mol % quantities relative to Zn. Each solution was stirred thoroughly (*ca*. 10 min). Float glass with a 50 nm silica barrier layer was obtained from NSG Pilkington Ltd. and used as substrates cut to dimensions of 45 mm × 100 mm × 3.2 mm, and then cleaned using detergent, isopropanol, and acetone prior to use. The SiO~2~ barrier layer is important to prevent leaching of ions from the substrate into the film. The substrate was put atop a carbon heating block, which was enclosed within a quartz tube. A top plate of stainless steel (48 mm × 150 mm) was suspended approximately 8 mm above the substrate to assist with the laminar flow of the gas carrying the aerosol. The schematic illustration of the AACVD setup was described in our previous work.^[@ref33]^ In the deposition, the prepared precursor solution was atomized using a "Liquifog" piezo ultrasonic humidifier (Johnson Matthey). The generated aerosol or mist was transported to the heated substrate through a brass baffle via nitrogen carrier gas with a flow rate of 1.5 L/min. The deposition was carried out at 500 °C until the solution had been fully atomized (*ca*. 15--20 min). The film-coated substrate was cooled down under a continuous flow of nitrogen gas and removed when the temperature of the reactor was lower than 100 °C. The film was cut into 1 × 1 cm^2^ coupons for characterization.

Film Characterizations {#sec2.2}
----------------------

XRD patterns were collected with a 2θ range of 10°--66° with a step size of 0.05° by a scan rate of 4 s/step using a Bruker-Axs D8 X-ray diffractometer with parallel beam optics equipped with a PSD LynxEye silicon strip detector. Monochromatic Cu K~α1~ and K~α2~ (λ = 1.54056 and 1.54439 Å, respectively), with an intensity ratio of 2:1, were generated using a voltage of 40 kV and a current of 40 mA. The incident beam angle was kept at a grazing incidence of 1°. Le Bail refinement using GSAS and EXPGUI software was carried out to obtain the cell parameters.^[@ref34],[@ref35]^ X-ray photoelectron spectroscopy (XPS) at the Zn 2p, O 1s, and Cl 2p peaks was used for elemental analysis. A Thermo Scientific K-alpha spectrometer with monochromatic Al Kα radiation, a dual beam charge compensation system, and a constant pass energy of 50 eV was utilized. The collected spectra were fitted using CasaXPS software. The C 1s peaks at 284.5 eV were used as reference for binding energy calibration. Time of flight secondary ion mass spectrometery (ToF-SIMS) coupled with depth profile analysis was used to probe the elemental composition of films. The measurement was performed on an ION-TOF 5 ToF-SIMS instrument. The analysis beam was 25 keV Bi^3+^, and the sputter beam was 1 keV Cs^+^ with a beam current of 65 nA. The sputter beam was rastered over a 300 × 300 μm^2^ area and 200 × 200 μm area and the bismuth analysis beam was rastered over a 70 × 70 μm^2^ area and 50 × 50 μm^2^ area at the center of the sputtered region for undoped ZnO and ZnO:Cl films, respectively. Scanning electron microscope (SEM) images were gained to study the surface morphology and side-on SEM images were used to gain the film thickness using a JEOL JSM-6301F Field Emission instrument with an operated acceleration voltage of 10 kV. Surface topology and roughness (root mean squared, *R*~q~) measurements were carried out on an atomic force microscope (AFM, Bruker Multimode 8). The tips were used in the ScanAsyst tapping mode to scan the area of 1.0 μm × 1.0 μm with 512 scans. UV/vis transmittance spectra were recorded to obtain the optical properties on a PerkinElmer Lambda 950 UV/vis/NIR spectrophotometer. Photoluminescence spectra were obtained by a Renishaw inVia Raman miscroscope using a 325 nm laser as the excitation light source.

The electrical properties including resistivity (ρ), carrier concentration (*n*), and carrier mobility (μ) were determined using Hall effect measurements in the Van der Pauw geometry using an Ecopia HMS-3000. A magnetic field of 0.58 T and an input current of 1 μA to 1 mA were applied for the measurement.

The test of stearic acid degradation under UVA illumination was used to investigate the photocatalytic properties. The films were cleaned by isopropanol and acetone and dipped in a stearic acid solution (0.05 M) in chloroform to create a thin layer of stearic acid before placed under UVA irradiation. To investigate the C--H bond decomposition in stearic acid, Fourier transform infrared (FTIR) spectra, with the absorbance mode in the range of 2700--3000 cm^--1^, were collected using a PerkinElmer RX-I instrument. UVA (λ = 365 nm) light exposure was performed using a 5 × 18 W blacklight-bulb (BLB) UVA lamp (Phillips) with irradiation of 1 ± 0.1 mW cm^--2^ as measured using a UVX meter (UVP). A formal quantum efficiency (ξ) value was used to present the photocatalytic performance.

Results and Discussion {#sec3}
======================

Film Synthesis {#sec3.1}
--------------

Zn(II) acetate dihydrate^[@ref31]^ is a good precursor to fabricate ZnO films because it has relatively low toxicity and is inexpensive, easy to handle, and readily soluble in methanol. Other commonly used ZnO precursors for AACVD are diethylzinc, which is highly pyrophoric, and Zn(II) acetylacetonate, which has limited solubility at neutral pH.^[@ref36]^ NH~4~Cl is a cheap, abundant, and easy to handle source of Cl. AACVD of Zn(II) acetate dehydrate with varying amounts of NH~4~Cl (0--20 mol %) in MeOH at 500 °C were carried out under an atmospheric pressure of N~2~. The ZnO:Cl films deposited appear transparent and uncolored with no visible pinhole defects. A full coverage of the substrate was observed with the films strongly adhered to the substrate, passing the "scotch tape" and steel scalpel mechanical tests. The films were stable under ambient conditions after storage for around six months, and they displayed good stability to common solvents such as methanol, isopropanol, acetone, and chloroform. The facile fabrication carried out in this work demonstrates a clear route to industrial scale-up.

Film Characterization {#sec3.2}
---------------------

All deposited films were successfully prepared as a wurtzite ZnO phase with no detected impurity phases, as confirmed by XRD analysis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The variation in preferred orientation was observed as differences in the relative intensity of diffraction peaks between samples. This phenomenon commonly arises as the minimization of internal stress and surface energy occurred during the film growth.^[@ref37]^ The (002) plane preferred orientation observed in the undoped ZnO film is the most condensed and thermodynamically stable plane in the wurtzite structure, as is normally observed in ZnO films.^[@ref38]^ The incorporation of Cl into ZnO resulted in an increasing preference for the (100) plane in the ZnO:Cl films, with the (101) plane becoming ultimately dominant at the highest doping levels. This was also observed in the case of ZnO:Cl films prepared by atomic layer deposition^[@ref12]^ and in ZnO:Cl nanospheres.^[@ref39]^ Preference for the (100) plane orientation is favorable for TCO properties because of the relatively larger grain size compared to that with (002) orientation, which is preferable for piezoelectric applications. The preferred orientation is reported to be a crucial factor for certain applications.^[@ref38]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b illustrates that the cell parameters *a*, *c* and the cell volume of the ZnO films tend to increase with Cl doping, suggesting Cl was incorporated into the ZnO lattice. This effect can be rationalized due to the larger ionic radius of Cl^--^ (*r*~i~ = 1.81 Å) compared with O^2--^ (*r*~i~ = 1.40 Å).^[@ref40]^

![Synthesized ZnO:Cl films were characterized by several techniques. (a) XRD patterns for pure and Cl-doped ZnO thin films, which can be indexed as a single phase of wurtzite ZnO structure using simulated bulk ZnO (ICSD \#82028). (b) Cell parameters *a*, *c* and cell volume of ZnO:Cl films. The increase in cell parameters indicates Cl substitution at O site. (c) High-resolution XPS spectra of Zn 2p and O 1s of 10 mol % Cl-doped ZnO and Cl 2p of a range of Cl-doped ZnO films. (d) The comparison content of H/Zn and Cl/Zn for undoped and 5 mol% Cl-doped ZnO films, which were determined by SIMS technique. (e) The C 1s XPS deconvoluted peak area obtained on surface and under etching (500 s, 1000 s, 1500 s, 2000 s, and 2500 s), corresponding to higher amount of C contamination in undoped ZnO film.](el9b00190_0001){#fig1}

X-ray photoelectron spectroscopic (XPS) analysis was used to confirm the chemical components as well as the oxidation states of all elements in the films. High resolution XPS spectra of Zn 2p and O 1s of the ZnO:Cl film from 10 mol % Cl are shown as [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c as a representative. The Zn 2p~3/2~ peak at 1020.7 (±0.2) eV can be assigned as the Zn--O bond. The O 1s spectrum can be deconvoluted into two peaks; the peak O~I~ at 529.7 (±0.2) eV is attributed to O^2--^ in the lattice and the peak O~II~ at 531.5 (±0.2) eV can be identified as O bonded with adventitious C (e.g., C--O, C=O) or loosely bound oxygen species such as adsorbed O~2~ and −OH, which is attributed to chemisorption on the surface of the films.^[@ref42]−[@ref45]^ Both Zn 2p and O 1s spectra of all films were similarly observed. The ratio of Zn to lattice O in the bulk of undoped and Cl doped films was determined from the Zn 2p and O 1s peak areas and was consistently found to be 1.3 to 1. The slight excess of Zn compared to lattice O is attributed to preferential sputtering of O compared to Zn during the etching process. In all Cl-doped films, the Cl 2p~3/2~ peak was detected at around 198.3 (±0.2) eV, which can be assigned to the Cl--Zn bond; this is similar to those reported in the literature and supports the conclusion that the Cl dopant is ionic and therefore acting as an electron donor.^[@ref12],[@ref15],[@ref16]^

Preferential sputtering of Cl by the Ar^+^ ion beam inhibited ion-etch depth profiling of the Cl bulk concentration by XPS (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsaelm.9b00190/suppl_file/el9b00190_si_001.pdf)). A similar effect has previously been observed for other light elements such as F,^[@ref9]^ O,^[@ref46]^ and S.^[@ref47]^ Therefore, SIMS depth profiling was instead used to study the depth distribution of the Zn, O, Cl, and H species in the films. The relative content of H/Zn and Cl/Zn are illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. Adventitious H was detected in the nominally undoped ZnO film. However, adventitious H could not be observed by ToF-SIMS in Cl-doped samples; the reason behind this is unclear, although we suggest that HCl formation may occur preferentially to ZnO:H during deposition in the presence of a Cl source to limit its incorporation into the growing film. Moreover, since contamination by C was only detected in the undoped ZnO, the H is likely to originate from C--H, which corresponds to the C 1s environments observed during XPS depth profiling. The C 1s deconvoluted peak area ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e) both on the surface and under etching obtained in the undoped ZnO film were higher than those in ZnO:Cl films. The 5 mol % Cl-doped ZnO film was revealed by ToF-SIMS to have consistently high chlorine content throughout its depth (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e). This evidence supports the conclusion that etching was preferentially sputtering Cl from the film during XPS depth profiling.

The SEM images shown ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) demonstrate that all ZnO:Cl films had a dense and highly textured morphology. The films were visibly affected by the addition of 5--10 mol % Cl as the grain size was increased. It was apparent that the grain grows with increasing Cl content, causing an increase in particle size. The grain shape becomes plate-like on increasing the %Cl in the precursor solution to 20 mol %. Meanwhile, side-on SEM micrographs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, inset) were used to reveal the thicknesses of the films, which are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![Top-down and side-on (inset) SEM images of ZnO and Cl-doped ZnO films deposited using (a) 0 mol % Cl, (b) 1 mol % Cl, (c) 3 mol % Cl, (d) 5 mol % Cl, (e) 7 mol % Cl, (f) 10 mol % Cl, and (g) 20 mol % Cl.](el9b00190_0002){#fig2}

###### Cell Parameters *a*, *c*, Cell Volume *V*, and Film Thickness

       Cell parameters                           
  ---- ----------------- ------------ ---------- -----
  0    3.256(11)         5.2067(11)   47.65(3)   930
  1    3.2510(4)         5.2123(13)   47.71(1)   950
  3    3.2527(1)         5.2115(7)    47.75(1)   630
  5    3.2545(1)         5.2118(7)    47.81(1)   650
  7    3.2546(2)         5.2138(6)    47.83(1)   650
  10   3.2554(1)         5.2176(5)    47.89(1)   760
  20   3.2553(5)         5.2156(12)   47.86(2)   600

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows AFM images of undoped ZnO and ZnO:Cl from 7 mol % Cl and the film roughness in the root mean squared (*R*~q~) roughness value. The topology of films changed dramatically upon 7 mol % Cl doping. The undoped ZnO film had an *R*~q~ of 13.8 ± 0.2 nm while 7 mol % ZnO:Cl had a higher *R*~q~ of 47.1 ± 2.9 nm. This film was therefore almost four times as rough as the undoped ZnO. The change in film topology with doping likely arises from the shift in nanocrystallite preferred orientation and appears to be a strong factor in determining the surface roughness.

![AFM images probed under the area of 1.0 μm × 1.0 μm of (a) ZnO and (b) 7 mol % Cl-doped ZnO films and their 3D image of the same area.](el9b00190_0003){#fig3}

Functional Properties {#sec3.3}
---------------------

### Electrical Properties {#sec3.3.1.1}

The electrical resistivity (ρ), carrier concentration (*n*), and carrier mobility (μ) are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The undoped ZnO films exhibited resistivities of 1.4 × 10^--1^ Ω·cm, which was comparable to values reported previously (1.3 × 10^--1^ Ω·cm) in ZnO films deposited by the same method and precursors.^[@ref48]^ It has been shown that doping ZnO with Cl decreases the resistivity, giving rise to *n*-type conducting behavior. This is expected due to the donation of electrons from substitutional Cl~O~ defect sites, which are predicted from DFT computational results as the introduction of a shallow donor level derived primarily from Cl 3s states into the conduction band.^[@ref49]^ This causes the carrier concentration to increase initially with increasing Cl doping; this quantity reaches a maximum value using 5 mol % Cl and drops thereafter due to the falling formation energy of compensating defects such as Zn vacancies (V~Zn~) as the Fermi level rises, a well-known effect both experimentally and computationally.^[@ref48],[@ref50]^

![(a) The plot of electrical properties of ZnO:Cl films, including resistivity, carrier concentration, and carrier mobility and (b) the plot of Hall mobility (μ~H~) as a function of carrier density (N) were present with average values with standard error bar.](el9b00190_0004){#fig4}

###### Functional Properties of ZnO:Cl Films including TCO Properties and Photocatalytic Properties[a](#t2fn1){ref-type="table-fn"}

       TCO properties                                                                                  
  ---- ---------------- ------------- ------------- -------------- ----------------- ----------------- -------------
  0    68               3.32 ± 0.01   0.10 ± 0.01   4.34 ± 0.12    1400.00 ± 44.97   15053.8 ± 483.6   0.17 ± 0.04
  1    69               3.31 ± 0.01   0.86 ± 0.28   15.56 ± 0.61   50.86 ± 4.43      580.7 ± 46.6      0.22 ± 0.06
  3    78               3.30 ± 0.01   1.86 ± 0.03   19.67 ± 0.40   17.03 ± 0.14      270.4 ± 2.2       0.39 ± 0.09
  5    82               3.30 ± 0.01   8.58 ± 0.16   26.74 ± 0.13   2.72 ± 0.04       41.9 ± 0.7        0.89 ± 0.10
  7    80               3.29 ± 0.01   2.72 ± 0.09   24.91 ± 0.44   9.23 ± 0.13       142.0 ± 1.9       1.63 ± 0.03
  10   82               3.32 ± 0.01   3.27 ± 0.08   26.58 ± 0.17   7.19 ± 0.15       94.6 ± 2.0        0.51 ± 0.17
  20   80               3.31 ± 0.01   1.85 ± 0.03   11.23 ± 0.18   30.12 ± 0.08      502.1 ± 1.4       --

*E*~g~ = band gap energy, *N* = carrier concentration, μ~H~ = carrier mobility or Hall mobility, ρ = electrical resistivity, *R*~sh~ = sheet resistance, ξ = quantum yield efficiency.

Charge carrier mobility drops off at heavier doping levels, typically the result of an increase in ionized impurity scattering as Cl~O~ and V~Zn~ defect density increases. However, the dramatic initial increase in mobility from 4.3 to 26.7 cm^2^ V^--1^ s^--1^ between undoped and 5 mol % Cl-doped ZnO is an interesting effect, which we suggest is most likely the product of two effects: first, the strongly increased ZnO:Cl grain size with Cl doping as observed in the SEM micrographs above, which reduces the frequency of grain boundary scattering events thus enabling longer electron relaxation times.^[@ref51]^ Second, the rising Fermi level both enables screening of conduction electrons from interface-localized electron trap states and reduces the energy barrier height at the grain boundary.^[@ref52],[@ref53]^ The reduction of electron scattering in general is key to improving carrier mobility^[@ref54],[@ref55]^ and the dependence of electron mobility on carrier density in polycrystalline films is evident from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b.

The film formed from 5 mol % Cl doping exhibited the best electrical properties as a conductor with the lowest electrical resistivity of 2.72 × 10^--3^ Ω·cm, the highest carrier concentration of 8.58 × 10^19^ cm^--3^, and the highest carrier mobility of 26.7 cm^2^ V^--1^ s^--1^. The ZnO:Cl films prepared by AACVD in this work has lower electrical resistivity in comparison to those obtained using atomic layer deposition (ALD) (ρ = 1.215 × 10^--2^ Ω·cm)^[@ref12]^ and metal--organic CVD (MOCVD) (ρ = 3.6 × 10^--2^ Ω·cm),^[@ref13],[@ref14]^ but higher than that prepared by physical layer deposition (PLD) (ρ = 6.344 × 10^--4^ Ω·cm).^[@ref15],[@ref16]^ Furthermore, the carrier mobility in these ZnO:Cl films were greater than those prepared by MOCVD (μ = 9--14 cm^2^ V^--1^ s^--1^)^[@ref13],[@ref14]^ and PLD (μ = 23.7 cm^2^ V^--1^ s^--1^)^[@ref15],[@ref16]^ and particularly the common F-doped SnO~2~ (FTO) industrial coatings such as TEC15 (μ = 21 cm^2^ V^--1^ s^--1^).^[@ref56]^ Carrier mobility is considered to be an important factor in lowering electrical resistivity in TCOs when carrier density limits are imposed by the doping regime.^[@ref57]^ This work demonstrates the advantage of anion doping for enhanced carrier mobility compared to cation doping for ZnO; from comparison of ZnO films deposited by AACVD, the carrier mobility of these ZnO:Cl films (5 mol % Cl, μ = 26.74 cm^2^ V^--1^ s^--1^) is excellent compared to the best mobility obtained in cation-doped ZnO films, e.g. Al (μ = 9.3 cm^2^ V^--1^ s^--1^),^[@ref58]^ Ga (μ = 10.1 cm^2^ V^--1^ s^--1^), In (μ = 5.1 cm^2^ V^--1^ s^--1^),^[@ref8]^ Sc (μ = 7.5 cm^2^ V^--1^ s^--1^),^[@ref48]^ Si (μ = 16.5 cm^2^ V^--1^ s^--1^),^[@ref36]^ and well-known anion-doped ZnO films, F (μ = 12.5 cm^2^ V^--1^ s^--1^).^[@ref9]^ The predominant effect of anion doping on carrier mobility can be illustrated when compared with other cation-doped ZnO^[@ref8],[@ref48]^ with the same order of resistivity (10^--3^ Ω·cm), which have lower carrier mobilities (\<9 cm^2^ V^--1^ s^--1^).

### Optical Properties {#sec3.4}

The transmittance and reflectance spectra of all films are reported in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--b. The transmittance of the bare glass in the visible range 400--700 nm (%T~λ400--700~) is 89%. The undoped ZnO film had some visible carbon contamination, thus resulting in the lowest transparency with %T~λ400--700~ of 68%. ZnO:Cl films prepared in this work are colorless and became more transparent; the films formed from 5 to 20 mol % Cl have a %T~λ400--700~ greater than 80% with 5 mol % showing the highest value of 82%.

![(a) Transmittance and (b) reflectance spectra of all films shown against the spectrum for bare glass as reference. ZnO:Cl films enhance %T from undoped ZnO film, and the most transparent film was obtained from 5 mol % Cl doped ZnO film with a %T of 82. (c) Tauc plot of ZnO film and corrected Tauc plots of Cl-doped ZnO films deposited using 1--20 mol % Cl. The extrapolated lines on *x*-axis show band gap energy (*E*~g~).](el9b00190_0005){#fig5}

As all films prepared here behave as a degenerate semiconductor, the band gap was estimated from a correction to the Tauc method to account for underestimation arising from broadening of the initial and final electronic states.^[@ref48]^ In order to do so, a broadening parameter ^π^/~4~Γ was obtained from the separation of extrapolations along the edge of α and α^2^ plots against *hν* and then the parameter was added to the uncorrected band gap to obtain a corrected estimate, as discussed by Dolgonos et al. ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d).^[@ref59]^ The absorption coefficient (α) was extracted from the equation: *T*/(1 -- *R*)^2^ = exp(−*αd*) where *T* is %transmittance, *R* is %reflectance, and *d* is the film thickness.^[@ref54]^ The band gap energy of undoped ZnO obtained in this way was 3.32 ± 0.01 eV, which is similarly observed in other reports ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c).^[@ref12],[@ref60]^ The band gaps were not significantly changed as a function of Cl content from 1 to 20 mol % ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), which were affected by two conflicting factors. First, the raising of the Fermi level with increasing carrier density in TCOs typically widens the optical band gap energy because of the Burstein--Moss effect.^[@ref49]^ Second, doping, particularly degenerate doping, can produce electron--electron and electron--impurity scattering; this phenomenon could narrow the band gap due to the fundamental band gap renormalization (Δ~g~^RN^).^[@ref61]^ The origin of band gap renormalization in heavily doped semiconductors such as ZnO and SnO~2~ was discussed.^[@ref62]^ The results obtained imply the competing of both band gap widening and narrowing effects.

### Photocatalytic Properties {#sec3.4.1}

The photocatalytic properties of films were determined by the degradation of stearic acid under UVA light illumination where the reaction can be explained by the following reaction:The number of stearic acid molecules degraded per incident photon is reported in terms of formal quantum efficiency (ξ).

According to the plot of ξ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), the pure ZnO had a degradation rate of (0.17 ± 0.04) × 10^--4^ molecules/photon. In ZnO:Cl, ξ gradually increases with Cl concentrations of 1--3 mol % Cl. A significant change can be observed from 5 mol % Cl, and the most distinct value was found for the film formed using 7 mol % Cl with the highest ξ of (1.63 ± 0.03) × 10^--4^ molecule/photon, which is about 10 times greater than that of the undoped ZnO film. The photocatalytic activity, however, decreased with a higher Cl concentration in the precursor solution of 10 mol % Cl.

![Plot of formal quantum efficiency (ξ) indicating the stearic acid degradation of undoped and ZnO:Cl films under UVA irradiation. The film deposited using 7 mol % Cl shows the highest performance.](el9b00190_0006){#fig6}

The enhancement in photocatalytic activity of ZnO:Cl thin films could be due to many reasons. The morphology change observed in SEM images is a possible cause of the efficiency enhancement. The higher surface roughness, by approximately four times, of the ZnO:Cl from 7 mol % Cl compared to the pure ZnO could also be an important factor.^[@ref63]^ As electron--hole pair recombination is a competing process causing the drop in photocatalytic efficiency, desirable charge transport properties can prolong the recombination of photogenerated carriers. Exciton effective masses relate the photocatalytic properties to the carrier mobility; e.g. lighter electrons and heavier holes are found to be crucial to separate photoinduced charges.^[@ref64],[@ref65]^ It is interesting to note that the ξ value increases almost linearly with carrier concentration and carrier mobility ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The electrical properties suggest the increase of both population and mobility of photogenerated carriers could take part in the redox reaction of stearic acid degradation and retards the recombination of electrons and holes.^[@ref63]^[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the photoluminescence spectra of undoped ZnO and 7 mol % Cl doped ZnO films. The UV emission peaks observed at around 380--390 nm (∼3.18--3.26 eV) correspond to near band-edge emission (NBE) of free excitons,^[@ref66]^ slightly red-shifted compared to band gaps determined from absorption spectra due to Stokes shift, in which the photoexcited electron undergoes some nonradiative energy loss before returning to the VB.^[@ref67]^ The green emission band contoured at around 550 nm (∼2.25 eV) could originate from deep-level defects, which are most likely to be oxygen vacancies as it has the lowest formation energy under oxygen-deficient condition.^[@ref39],[@ref48],[@ref68]^ This broad green emission band showing some shoulders could be composed of some emission peaks, suggesting the multiple radiative emission from several substates of shallow donor levels to a deeply trapped state of *V*~o~^*++*^.^[@ref69]^ The shift of this band in 7 mol % Cl-doped ZnO film to a shorter wavelength implies that higher energy required for photoexcited electrons to recombine with holes via trapping deep-level defect states,^[@ref68]^ suggesting that the improvement in photocatalytic efficiency of the ZnO film deposited using 7 mol % Cl.

![Plot of electrical properties as a function of formal quantum efficiency (ξ).](el9b00190_0007){#fig7}

![Photoluminescence spectra of undoped ZnO film and 7 mol % Cl doped ZnO film. NBE refers to near band-edge emission.](el9b00190_0008){#fig8}

We have shown the potential of the AACVD method that can be tuned to produce cost-effective multifunctional films by the choice of precursors. The use of NH~4~Cl, instead of FeCl~3~ used in previous work, resulted in a simpler and cheaper film deposition route with the elimination of solid waste products while producing an enhancement in electrical properties. Optimum Cl concentrations were found for the three key material properties of transparency, electrical conductivity, and photocatalytic activity. This cost-effective route provides a one-step deposition onto inexpensive glass substrates without further postdeposition treatment as routinely required in other film deposition techniques such as atomic layer deposition (ALD), RF magnetron sputtering (rf-MS), and molecular beam epitaxy (MBE). The ZnO:Cl thin films produced here show promise for various electronic and energy-efficient applications. The scope of applications is expanded because the AACVD technique has been used to tune the macroscopic properties of the films through control over their microscopic morphology and surface roughness.

Conclusions {#sec4}
===========

Transparent and electrically conducting ZnO:Cl thin films with demonstrable photocatalytic activity have been fabricated by AACVD. Cl was successfully substituted at the O site as evident from an increase in the unit cell parameters and compositional study from XPS and SIMS analyses. SEM images illustrated the influence of Cl doping on the ZnO thin film morphologies. The optical transmittance in the visible region (400--700 nm) was improved by Cl doping, which exceeded 80% in the 5--10 mol % doping range, resulting in transparent and colorless films. All Cl-doped films were electrically conductive as a result of the introduced donor electrons from Cl. A dopant quantity of 5 mol % Cl yielded conducting behavior with a minimum measured resistivity of (2.72 ± 0.04) × 10^--3^ Ω·cm, in which the charge carrier concentration and mobility were measured at (8.58 ± 0.16) × 10^19^ cm^--3^ and (26.74 ± 0.13) cm^2^ V^--1^ s^--1^ respectively, corresponding to a sheet resistance (*R*~sh~) of 41.9 Ω□^--1^ at a thickness of 650 nm. It clearly represents an approximately 6-fold increase in carrier mobility over the undoped ZnO film, an effect ascribed in part to the significant increase in ZnO grain size when grown in the presence of NH~4~Cl. The photocatalytic behavior of the ZnO:Cl films by stearic acid degradation under UVA irradiation was also observed in the films deposited using 7 mol % Cl, yielding the highest formal quantum efficiency (ξ) measured at (1.63 ± 0.03) × 10^--4^ molecule/photon. Atomic force microscopy revealed the surface roughness of the films deposited from 7 mol % Cl to be about four times larger than that of undoped ZnO films. The increase in surface roughness, carrier density, and mobility as well as the shift of the photoluminescence deep-level defect emission peak to a shorter wavelength suggest that these were the major factors accountable for the improvement in photocatalytic activity.
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